ABSTRACT -To meet the urgent need for a reliable alternative test for predicting skin sensitizing potential of many chemicals, we have developed a cell-based in vitro test, human Cell Line Activation Test (h-CLAT). However, the predictive performance for lipophilic chemicals in the h-CLAT still remains relatively unknown. Moreover, it's suggested that low water solubility of chemicals might induce false negative outcomes. Thus, in this study, we tested relatively low water soluble 37 chemicals with log Kow values above and below 3.5 in the h-CLAT. The small-scale assessment resulted in nine false negative outcomes for chemicals with log Kow values greater than 3.5. We then created a dataset of 143 chemicals by combining the existing dataset of 106 chemicals and examined the predictive performance of the h-CLAT for chemicals with a log Kow of less than 3.5; a total of 112 chemicals from the 143 chemicals in the dataset. The sensitivity and overall accuracy for the 143 chemicals were 83% and 80%, respectively. In contrast, sensitivity and overall accuracy for the 112 chemicals with log Kow values below 3.5 improved to 94% and 88%, respectively. These data suggested that the h-CLAT could successfully detect sensitizers with log Kow values up to 3.5. When chemicals with log Kow values greater than 3.5 that were deemed positive by h-CLAT were included with the 112 chemicals, the sensitivity and accuracy in terms of the resulting applicable 128 chemicals out of the 143 chemicals became 95% and 88%, respectively. The use of log Kow values gave the h-CLAT a higher predictive performance. Our results demonstrated that the h-CLAT could predict sensitizing potential of various chemicals, which contain lipophilic chemicals using a large-scale chemical dataset.
INTRODUCTION
Allergic contact dermatitis (ACD) resulting from skin sensitization, provoked by repeated skin contact with causative low molecular chemicals, is a significant environmental and occupational health concern (Kimber et al., 2011) . To date, assessment of the sensitizing potential of all new chemicals relies on the evaluation with animal tests, such as the local lymph node assay (LLNA). The LLNA represents the gold standard in vivo assay, in which 3 H-thymidine uptake by lymph node cells is measured as the endpoint after topical application of test chemical to mice and a stimulation index is calculated (Gerberick et al., 2007a) . However, due to changes in public views and regulatory requirements, numerous efforts are now being made toward development, validation, and use of alternative in vitro tests.
In the mouse models of ACD, skin-resident dendritic cells (DCs) were found to play pathogenic roles during the skin sensitization phase by inducing the dynamic changes in surface phenotype and function (Peiser et al., 2012) . The DC activation was also found to be inducible by skin sensitizers in DCs in culture (Aiba et al., 2003) . Subsequently, several in vitro skin sensitization tests have been developed using DC surrogates, such as THP-1 cells (a human monocytic leukemia cell line), focusing on the activation of signal transduction pathways, elevated expression of genes and co-stimulatory molecules after in vitro exposure to skin sensitizers (dos Santos et al., 2009) . We have developed the human cell line activation test (h-CLAT) to measure the elevated surface expression of CD86 and CD54 molecules on THP-1 cells by flow cytometry after 24 hr exposure to a test chemical (Sakaguchi et al., 2006; Ashikaga et al., 2010) . The h-CLAT exhibited an overall accuracy of 82% to the LLNA data of structurally unrelated 106 chemicals (Nukada et al., 2012) and an accuracy of 83% to the human data (66 chemicals) (Nukada et al., 2011) , indicating high predictive performance. The transferability of the method to different laboratories was also confirmed in ring trials conducted worldwide (Ashikaga et al., 2008; Sakaguchi et al., 2006 Sakaguchi et al., , 2010 . A different approach using the direct peptide reactivity assay (DPRA) has been developed by Gerberick et al. (2004 Gerberick et al. ( , 2007b . This method focuses on the reactivity of a skin sensitizer to proteins as an indicator of sensitizing potential and identifies the chemical as a skin sensitizer. Test chemicals are incubated with synthetic model peptides for 24 hr and peptide depletions are monitored by HPLC. The DPRA exhibited an overall accuracy of 89% to the LLNA data of 82 test chemicals (Gerberick et al., 2007b) . Currently, the h-CLAT and DPRA are formally undergoing pre-validation by the European Centre for the Validation of Alternative Methods (ECVAM).
It is important to point out major limitations for these in vitro assays. First, not only did the h-CLAT but also the DPRA failed to detect some of pro-/pre-haptens due to the lack of metabolic activity and the experimental conditions were insufficient to induce chemical structural conversion (Nukada et al., 2011; Gerberick et al., 2007b) . More recently, however, a tiered approach using the h-CLAT and DPRA method indicated that pro-/prehaptens could be detected with higher reliability compared to only using a single test (Nukada et al., 2013) . Second, both the h-CLAT and DPRA have intrinsic solubility limits, in which a test chemical has to be soluble in an aqueous system (i.e., the culture medium or buffer, respectively). When Nukada et al. (2012) evaluated 106 chemicals; the authors observed nine false negative results due to solubility limitations in the h-CLAT (e.g., abietic acid, hexyl cinnamic aldehyde, 1-bromohexane, and cyclamen aldehyde) out of 106 tested chemicals. Of the nine chemicals, abietic acid and hexyl cinnamic aldehyde caused oil droplets in culture medium at tested concentrations, which indicated a poor water solubility and limited the applicability of the h-CLAT (data not shown). In fact, abietic acid and hexyl cinnamic aldehyde as well as 1-bromohexane and cyclamen aldehyde displayed relatively high octanol-water partition coefficient, or log Kow values of greater than 3.5. As for the remaining five chemicals, the false negative outcomes might conceivably due to other relevant limitations, such as being pro-/ pre-haptens (Ashikaga et al., 2010) . The DPRA method also failed to predict lipophilic chemical allergens, such as hexyl cinnamic aldehyde and benzyl benzoate, since the assay was not designed for lipophilic chemicals (Gerberick et al., 2007b) .
Whereas a core set of reference chemicals for the development of alternative in vitro methods was designed by ECVAM, chemicals with high water solubility (partition coefficient of greater than 3.1) were deliberately excluded (Casati et al., 2009) . Similarly, since most tested chemicals in the dataset used in the h-CLAT evaluation (Nukada et al., 2012) had a relatively high water solubility applicable to cell-based in vitro assays, the applicability domain of the h-CLAT to predict lipophilic chemical allergens still remains unknown. Taken together, low water solubility of chemicals (e.g., log Kow of greater than 3.5) might induce false negative outcomes. Thus, the primary purpose of this study was to assess relatively low water soluble chemicals in the h-CLAT and to define the applicability domain. The second purpose was to develop a new framework of data adoption for the practical use of the h-CLAT. To the best of our knowledge, this is the first report defining the applicability domain of the h-CLAT regarding lipophilic chemicals with a large-scale chemical dataset.
MATERIALS AND METHODS

Test chemicals
We selected a total of 37 test chemicals based on their skin sensitizing potential reported in the literature (Gerberick et al., 2005 (Gerberick et al., , 2007b Kern et al., 2010; Basketter et al., 1997; Natsch et al., 2007; Emter et al., 2010) , diverse chemical structure, availability from commercial sources and log Kow values above and below 3.5 (Table 1 ). All tested chemicals were purchased at highest possible purity from Sigma-Aldrich (St. Louis, MO, USA), except for 1-chloromethylpyrene and 5-methyl-2,3-hexanedione (Tokyo Chemical Industry, Tokyo, Japan), 2-ethylhexyl acrylate (Nacalai teque, Kyoto, Japan) and tetrachlorosalicylanilide (Kanto Chemical, Tokyo, Japan). This dataset was combined with the previously published h-CLAT results obtained for 106 chemicals (Nukada et al., 2012) to make a total dataset of 143 chemicals. This collection represented a good distribution of 13 extreme, 18 strong, 39 moderate, and 35 weak sensitizers along with 38 non-sensitizers, as summarized in Table 2 .
human Cell Line Activation Test (h-CLAT)
The DC-like cell activation assay using THP-1 cells, termed h-CLAT, was performed as described by Ashikaga et al. (2010) . Briefly, THP-1 cells were purchased from the American Type Culture Collection (Manassas, VA, USA). THP-1 cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (MP Biomedicals, . After washing and resuspending, the cells were stained with PI and the fluorescence intensity of the viable cells was analyzed by flow cytometry. For all tested chemicals including the chemicals taken from the previous work, the above experiment was repeated three times. Each experiment was considered an individual replicate. Based on these experiments, the relative fluorescence intensity (RFI) of CD86 and CD54 was determined at more than 50% of cell viability as reported by Nukada et al. (2011) . If the RFI of CD86 or CD54 was greater than 150% or 200% at any dose in at least two out of three experiments, the test chemical was judged as a sensitizer. Otherwise, it was considered a non-sensitizer.
Estimation of log Kow
The log Kow of each chemical was estimated following programs: the KOWWIN ver.1.68 in EPI suite TM (Environmental Protection Agency, Washington, DC, USA), SPARC ver.4.6 (http://archemcalc.com/sparc/), ALOGPS 2.1 (http://www.vcclab.org/lab/alogps/), and ChemBioDraw Ultra 12.0, termed ChemDraw (CambridgeSoft, Cambridge, USA).
Statisitcal analysis
For the h-CLAT, all tested chemicals were evaluated based on a triplicate analysis to observe any biological variability. However, a threshold approach was taken in the h-CLAT. For example, when at least two of 3 experiments in the h-CLAT meet the criteria of the assay for being considered a positive response, the chemical is considered a sensitizer. Thus, a statistical analysis is not performed for this threshold response. The sensitivity (the proportion of true sensitizers predicted as positive), specificity (the proportion of true non-sensitizers predicted as negative), and accuracy (overall proportion of correct predictions) were calculated according to Cooper statistics (Cooper et al., 1979) . Table 1 listed 37 chemicals with log Kow values in order of the most potent sensitizer at top to non-sensitizers at bottom, based on the EC3 (the estimated concentration that produces a stimulation index of 3 in the LLNA) values reported in the literature (Gerberick et al., 2005 (Gerberick et al., , 2007b Kern et al., 2010; Basketter et al., 1997; Natsch et al., 2007; Emter et al., 2010) . This chemical collection included 4 extreme, 2 strong, 12 moderate, 12 weak sensitizers, and 7 non-sensitizers based on the LLNA potency classification. We tested the 37 chemicals in the h-CLAT to determine their sensitizing potential and then examine the role of low water solubility on false negative outcomes. We used the Cooper statistics (Cooper et al., 1979) to determine how well the h-CLAT distinguished sensitizers and non-sensitizers (Table 3) . Regarding the 37 chemicals evaluated in the h-CLAT, the sensitivity of the h-CLAT was 70%, the specificity was 57%, and the accuracy was 68%. Nine out of 30 sensitizers (1-chloromethylpyrene, clotrimazole, undec-10-enal, 12-bromo-1-dodecanol, dl-α-tocopherol, benzyl benzoate, benzyl cinnamate, N,N-dibutylaniline and bis-GMA) resulted in false negative outcomes. For two of the nine false negative chemicals, precipitation was observed in the culture medium at tested concentrations for 1-chloromethylpyrene and benzyl cinnamate. Likewise, oil droplets were observed in culture medium at tested concentrations for 12-bromo-1-dodecanol, dl-α-tocopherol, benzyl benzoate, N,N-dibutylaniline, and bis-GMA. More importantly, all nine false negative chemicals had a log Kow greater than 3.5, indicating that the h-CLAT would display low sensitivity for low water soluble chemicals, even if they are forced to be applied to the culture medium.
RESULTS
Assessment of sensitizing potential in the h-CLAT
We then combined the LLNA and h-CLAT dataset of the 37 tested chemicals with those of 106 chemicals already evaluated (Nukada et al., 2012) , which expanded the dataset to 143 chemicals. Table 4 provided the pre-dicted sensitizing potential for the overall dataset of 143 chemicals. The sensitivity of the 143 chemicals in the h-CLAT was 83%, the specificity was 71%, and the overall accuracy was 80%.
Determination of Log Kow values
We determined the log Kow values for the 37 chemicals using four methods (i.e., KOWWIN, SPARC, ALOGPS, and ChemDraw). Twenty-three out of 37 chemicals (20 of 30 sensitizers and 3 of 7 non-sensitizers) had log Kow values greater than 3.5 as determined with KOWWIN (Table 1) . As with the h-CLAT analysis, log Kow values for the 143 chemicals were calculated using the same four methods (Table 2) . Unfortunately, log Kow values for three chemicals (MCI/MI, nickel sulfate and dextran) could not be calculated. Prior to the comparison between log Kow and predictivity of the h-CLAT, we examined whether log Kow values of chemicals were changed depending on different software programs. The log Kow values in the KOWWIN increased with those in either the SPARC, ALOGPS or ChemBioDraw in a good linear correlation (R 2 = 0.88, 0.80, and 0.89, respectively) (Fig. 1) , indicating that the calculated log Kow values would not significantly change depending on different software programs used.
Relationship between log Kow and preditivity of the h-CLAT
There were 18 false negative chemicals out of 143 tested chemicals (Table 5 ). Thirteen out of these 18 chemicals had a log Kow greater than 3.5 in the KOWWIN. The SPARC and ALOGPS had slightly lower log Kow values for 1-bromohexane (3.49) and benzyl benzoate (3.43) compared with KOWWIN. The ChemDraw also gave lower values for undec-10-enal (3.15), cyclamenaldehyde (3.49), and 1-bromohexane (3.15). Although some differences were noted, the calculated log Kow values were very comparable among the KOWWIN, 57 (4/7) Accuracy (%) 68 (25/37) The sensitivity, specificity, and accuracy were calculated according to Cooper statistics (Cooper et al., 1979) . SPARC, ALOGPS and ChemDraw. The remaining five chemicals such as benzoyl peroxide, isoeugenol, phthalic anhydride, butyl glycidyl ether, and diethylenetriamine had log Kow values less than 3.5 (-2.13 to 3.43). Interestingly, these five chemicals might result in false negative outcomes not due to water solubility but to other relevant limitations, such as being pro-/pre-haptens (Ashikaga et al., 2010) . Thus, we set a log Kow value of 3.5 as the cutoff to define low water solubility in the h-CLAT.
Applicability domain of the h-CLAT designed to predict lipophilic allergens
We next applied the log Kow value of 3.5 to our h-CLAT dataset of 143 chemicals. First we did not consider chemicals above the cut-off level. This resulted in 112 chemicals with a log Kow of lower than 3.5. The sensitivity of the h-CLAT and the overall accuracy was improved to 94% and 88%, respectively as compared to 83% and 80%, respectively (Table 6 ). We then compared chemicals with a log Kow value above 3.5. There were 31 out of 143 chemicals (Table 7) . As expected, the accuracy was 52%, indicating a low predictivity. Yet, the positive predictivity was 88% (14/16 chemicals), which indicates that the data (i.e., a positive outcome) for chemicals with a log Kow greater than 3.5 might be strong enough to adopt. Finally, we evaluated the exclusion of chemicals with negative outcomes and a log Kow value greater than 3.5 from the 143 chemicals. The resulting applicable chemicals expanded from 112 to 128 chemicals (Table 8) . Although two true-negative chemicals (i.e., butylbenzylphthalate and dibutyl phthalate) were excluded due to high log Kow values (4.84 and 4.61, respectively), the sensitivity and accuracy were 95% and 88%, respectively, for this latest group. Overall, the data suggests that incorporating applicable chemicals (e.g., positive chemicals with log Kow of greater than 3.5) would effectively support an improved predictivity compared with the current dataset of 143 chemicals. Moreover, the data incorporation could be a preferable approach that takes into account lipophilic chemicals which might induce positive response at the low and soluble concentrations.
DISCUSSION
At present, there is no in vitro skin sensitization test accepted by national or international regulatory authorities as a partial or full replacement for animal tests. The h-CLAT, currently under formal pre-validation by ECVAM, displayed an overall accuracy of 82% to the LLNA data of 106 chemicals, indicating the utility of the method as a screening system to detect structurally diverse skin sensitizers with varying sensitizing potential (Nukada et al., 2012) . However, the applicability domain of lipophilic chemicals in the h-CLAT still remained relatively unknown. Thus, we evaluated additional 37 chemicals with log Kow values above and below 3.5. The small-scale assessment resulted in nine false negative outcomes for these 37 chemicals, where 7 had log Kow values greater than 3.5. We then created a dataset of 143 chemicals by combining the new chemicals with the existing dataset of 106 chemicals. The sensitivity of the 143 chemicals in the h-CLAT was 83%, the specificity was 71%, and the overall accuracy was 80%. There were 18 false negative chemicals out of 143 tested chemicals. We found that for the 112 chemicals with a log Kow values of less than 3.5 the sensitivity and overall accuracy improved to 94% and 88%, respectively. First, these data suggested that the h-CLAT could successfully detect sensitizers with log Kow values of up to 3.5. Also, these findings suggested that log Kow could be used as a criterion to better predict allergens.
We used the KOWWIN, currently part of the environmental modeling program in the EPI-suite, to calculate log Kow values for all the tested chemicals. The log Kow values calculated by KOWWIN have been reported to highly correlate with the experimental values (Machatha and Yalkowsky, 2005) . Moreover, the log Kow values calculated with KOWWIN have been combined with several in vitro alternative methods in order to form a testing strategy for full replacement of animal tests (Natsch et al., 2009; Jaworska et al., 2011) . As a reassurance, the log Kow values were also confirmed with other programs, such as the SPARC, ALOGPS and ChemDraw. The SPARC and ALOGPS are freely available software for estimation of chemical properties such as log Kow, and reported to calculate log Kow values with high reliability (Tetko and Bruneau, 2004; Hilal et al., 2004) . The ChemDraw, commercially available drawing software, also possesses the program for logKow calculation. Our results showed that the log Kow values with the KOW-WIN were almost comparable with those with the other software programs for 140 tested chemicals. These results suggested that calculated log Kow values would not significantly change depending on different software programs used.
Of 143 chemicals, 18 sensitizers were found to be false negatives in the h-CLAT. Of the 18 false negative chemicals, five chemicals (i.e., isoeugenol, diethylenetriamine, benzoyl peroxide, phthalic anhydride, and butyl glycidyl ether) had a log Kow of less than 3.5. For two of these chemicals, isoeugenol and diethylenetriamine have been categorized as pro-/pre-haptens due to metabolic conversion or air-oxidation required for these chemicals to become allergens (Aptula et al., 2005; Foussereau et al., 1983) . In this regard, pro-/pre-haptens have been successfully converted into active forms by in vitro incubation with horseradish peroxidase and hydrogen peroxide (Gerberick et al., 2009) or with aroclor-induced rat liver microsomes (Chipinda et al., 2011) . Such pre-treatments might overcome the limitation for prediction of pro-/prehaptens. Phthalic anhydride was hard to dissolve in both DMSO and culture medium, and the maximal achievable dose was limited. Thus, the testing condition might be insufficient for this chemical to induce a positive response. Since the DPRA could correctly predict phthalic anhydride, the test battery with the h-CLAT and DPRA would improve the sensitivity (Nukada et al., 2013) . Benzoyl peroxide has been known to be readily hydrolyzed in water to benzoic acid (Nacht et al., 1981) , which is a nonsensitizer as well as negative in the h-CLAT, indicating that benzoyl peroxide might be hard to detect in the aque- (Boogaard et al., 2000) . Although there is no evidence between their diols and the sensitizing potentials, these findings suggested that this chemical might be a pro-hapten. The remaining 13 false negative chemicals displayed log Kow values greater than 3.5. In contrast, there were 11 false positive chemicals in the h-CLAT. For most of them, the possible reasons of false positive outcomes have been already discribed in previous literatures (Ashikaga et al., 2010; Nukada et al., 2012) . On the other hand, two lipophilic non-sensitizers (1-iodohexane and clofibrate) were judged as false positive in the h-CLAT. Interestingly, 1-iodohexane dose-dependently induced 0.9, 1.2, and 2.5 of stimulation index at 10, 25 and 50% in the LLNA (Gerberick et al., 2005) . Moreover, clofibrate induced 2.9 of stimulation index at the highest tested concentration of 50% (Kern et al., 2010) . These results suggested that 1-iodohexane and clofibrate might have skin sensitizing potential. Our dataset had 31 out of 143 chemicals with a log Kow of greater than 3.5. The h-CLAT showed a low sensitivity (i.e., false negative rate of 13/27) for chemicals with a log Kow of greater than 3.5. In fact, some of them caused precipitations or oil droplet formation in culture medium at tested concentrations. The Organization for Economic Cooperation and Development (OECD) has published guidance for aquatic toxicity testing of chemicals with poor water solubility. OECD defines these chemicals as substances with less than 100 μg/ml of water solubility (OECD, 2000) . For some of our chemicals, the water solubility was below this recommended level. 1-Bromohexane (log Kow = 3.6), which was a false negative in the h-CLAT, was found to have a water solubility of 37 μg/ml as determined with KOWWIN. This would indicate that a log Kow of 3.5 would be included within the low water solubility in the aquatic toxicity testing. Thus, we defined log Kow of 3.5 as a cutoff for low water solubility in the h-CLAT.
When the criterion of log Kow was further expanded, the predictive performance of the h-CLAT for the complete dataset again improved. In looking at chemicals with log Kow values above 3.5 and having a positive outcome in the h-CLAT, there were 16 chemicals that fit these characteristics. However, 14 chemicals were categorized as sensitizers in the LLNA. The exclusion of chemicals with negative outcomes and a log Kow value greater than 3.5 resulted in a dataset of 128 chemicals with a sensitivity and accuracy of 95% and 88%, respectively. Taken together, regarding the applicability domain for lipophilic chemicals, positive outcome results of chemicals with a log Kow greater than 3.5 should be adopted to improve the sensitivity of the h-CLAT, but negative results should be considered as inconclusive.
Incorporation of log Kow as a criterion in the h-CLAT improved the performance of the h-CLAT. When chemicals with a log Kow value above the cut-off of 3.5 and a negative outcome in the h-CLAT were not incorporated in the analysis, the predictive performance of the h-CLAT improved but also increases the number of applicable chemicals in the h-CLAT. The sensitivity and overall accuracy for the 143 chemicals were 83% and 80%, respectively. The sensitivity and accuracy of the h-CLAT for the dataset that excludes these chemicals resulted in a dataset of 128 chemicals from the original 143 chemicals with a sensitivity and accuracy of 95% and 88%, respectively: a higher predictive performance compared to no inclusion of log Kow in analysis and slightly higher performance than only including chemicals below log Kow of 3.5. For those chemicals outside of the applicability domain (i.e., negative in the h-CLAT and log Kow above 3.5) could be evaluated by using an in vitro tool designed to apply even lipophilic chemicals, such as three dimensional reconstructed human epidermis model. Despite this limitation, we believe that the present study forms the practical applicability domain of the h-CLAT for robust prediction of lipophilic sensitizing chemicals with largescale chemical dataset.
